Portable unilateral NMR was used to quantitatively map in a fully noninvasive way the moisture distribution in an ancient deteriorated wall painting before and after an intervention to reduce the capillary raise of water through the wall. Maps obtained at a depth of 0.5 cm clearly showed the path of the capillary raise and indicated that, after the intervention, the moisture level was reduced. Maps obtained by measuring the first layers of the wall painting were affected by the critical environmental conditions of the second hypogeous level of St. Clement Basilica, Rome, and by the presence of salts efflorescence and encrustations on the surface of the wall painting. The morphology and the elemental composition of salts investigated by SEM-EDS indicated that efflorescences and encrustations were mostly constituted of gypsum and calcite. The presence of these salts is explained with the presence of high concentration of carbon dioxide and sulphur-rich particles due to pollution which, along with the high-moisture level and the extremely feeble air circulation, cause recarbonation and sulphation processes on the plaster surface.
Introduction
Water is one of the major causes of decay to masonry materials, and particularly to building masonry belonging to cultural heritage sites [1] [2] [3] . The decay of porous stones, the detachment of wall paintings, the salts efflorescence are all phenomena due to the action of water. The moisture rises in the wall to the limit of capillary action or until it evaporates from the wall surface. When salts concentration activity is present in the soil or in the mortar, salts are drawn in solution into the porous network of the wall. Consequently, when salt concentration activities product is greater than the equilibrium constant and/or when the ambient relative humidity becomes lower than the equilibrium relative humidity of the saturated solution of the particular salt phase, salts crystallize causing fretting and crumbling of the wall. The knowledge of the water path and distribution through the wall is mandatory for determining the mechanism by which water triggers and accelerates damage [3] . An accurate diagnosis of the causes and extent of the moisture is a fundamental step in the conservation work. This is particularly true for wall paintings, where a number of special factors must be taken into account, such as the vulnerability of the extremely thin painted surface which is itself the interface between the plaster and the surrounding environment, the difficulty in controlling potential agents of deterioration such as moisture 2 International Journal of Spectroscopy and pollution, and the proximity of crowded areas to the wall painting [4] . Furthermore, the preservation planning of wall paintings requires a precise knowledge of the microclimate in proximity of the painted walls [5] .
In a recent paper [6] we reported a multitechnique study consisting of microclimate monitoring, infrared thermography (IRT), gravimetric tests, and portable unilateral nuclear magnetic resonance (NMR) which allowed us to map the moisture distribution in a very deteriorated ancient wall painting. In the framework of this study, IRT and gravimetric methods allowed the validation of portable unilateral NMR technique as a new analytical and noninvasive tool for mapping in situ the quantitative distribution of moisture in wall paintings, as well as in any porous material.
Unilateral NMR is a portable technique which allows measurements to be performed in situ and in a fully noninvasive way. The magnetic field is applied to one side of the object, thereby completely preserving the integrity of the object under investigation [7] [8] [9] .
Unilateral NMR can be successfully applied for mapping and evaluating the moisture distribution particularly where other traditional techniques cannot be applied. This is particularly true in hypogeous environments, where the critical microclimate impairs the use of IRT [10, 11] . Besides, in ancient precious wall paintings the drilling of solid cores for gravimetric tests is strictly forbidden.
In 2008, we carried out a campaign of NMR measurement for mapping the moisture distribution in a precious deteriorated wall painting located in the second hypogeous level of St. Clement Basilica, Rome (Italy) [12] . That campaign was aimed at evaluating the water damage before planning an intervention to reduce the capillary rise of water from the ground. In this paper, the results of two further campaigns of measurement carried out in 2009 and 2010 after the intervention are reported. Together with NMR measurements, the thermohygrometric parameters were also monitored. Because the surface of the wall painting is affected by efflorescences and encrustations, scanning electron microscopy (SEM) and energy dispersive X-Ray spectroscopy (EDS) were applied for characterizing the morphology and the elemental composition of the salts.
The Study Case
St. Clement Basilica is a three-tiered complex of buildings: the present Basilica (12th century) located at road level, the Early Christian Basilica (4th century) located at a depth of about 6 m below the road level, and the oldest building (1th century) located at a depth of 12 m below the road level.
The presence of a watercourse flowing under the foundation of the Basilica is one of the causes of the rising damp through the walls of the archeological site. Because of the critical microclimate conditions, that is, very high relative humidity and low temperature during the whole year, in the hypogeum, the conservation of artifacts is challenging. The masonry and wall paintings show the characteristic degradation processes induced by a high level of humidity, such as efflorescences, encrustations, and biological colonization. Measurements were carried out in the second hypogeous level where the largest collection of Early Medieval wall paintings is located. Among these, St. Clement at mass and the legend of Sisinnius, a fresco dated back to 1080, see Figure 1 , is one of the earliest examples of the passage from Latin to Italian language. The wall painting is rapidly deteriorating due to the capillary raise of water from the ground below. To reduce the rising damp in the masonry, a horizontal cut was carried out through the bricks of the wall just above the floor level, and a hydrophobic mixture of polyester resin and marble powder was introduced in the holes drilled into the wall [13] . The reduction of the rising damp and the stabilization of the level of moisture content were mandatory before performing any restoration of the painted surface.
Experimental

Microclimate Monitoring.
During the NMR measurements, the thermohygrometric parameters, that is, air temperature (T) and relative humidity (RH), were continuously monitored in the proximity of the wall painting. The temperature on the surface of the wall painting was also monitored. The monitoring was performed with Escort and Gemini Data loggers (range of measurement 0-100% relative humidity, resolution ±0.5%, −30 • C to 50 • C temperature, resolution 0.1 • C). Figure 1 , the matrix of points where NMR measurements were carried out is also reported. The degradation markedly affects this area whereas the upper part of the wall painting is in a rather good state of conservation.
Unilateral NMR. The photo of St. Clement at mass and the legend of Sisinnius is shown in
In order to map the moisture distribution in the wall painting before and after the intervention to reduce the International Journal of Spectroscopy 3 capillary raise of water from the ground, three campaigns of measurement were carried out in situ with a unilateral NMR instrument from Bruker Biospin. The first campaign was carried out on February 2008 before the intervention [12] . The second and third campaigns were carried out four and seven months after the intervention in November 2009 and February 2010, respectively.
Measurements were performed on the first layers of the wall painting and at a depth of about 0.5 cm in the plaster. In the former case, a 1 mm probehead operating at 18 MHz was used for measuring at a depth of 0.1 cm from the surface of the wall painting. In the latter case, a 5 mm probehead, operating at 16 MHz was used for measuring at a depth between 0.45-0.55 cm, fully disregarding the signal of the surface. In the case of the 1 mm-probehead, the π/2 pulse width was 3 μs, whereas in the case of the 5 mm-probehead it was 10.4 μs.
Since in an inhomogeneous magnetic field the NMR signal decays very quickly, it must be recovered stroboscopically [14] . Therefore, the integral of the NMR signal is actually the integral of the signal obtained applying a Hahn echo pulse sequence [15, 16] .
Hahn echo measurements were performed by choosing a matrix of 50 points on the area within the solid framework drawn in Figure 1 . Each experimental "point" covered an area of 2 × 5 cm 2 , which corresponded to the area of the probehead.
NMR Data Processing and Evaluation of Moisture Content.
Experimental data were processed to obtain a contour plot by applying an algorithm for smoothing sharp variations of the dependent variable values within the 3D dataset. A Gaussian weight function and a quadratic fit were used to weight the data. A nonlinear function (4th degree polynomial) was then applied to the weighted data for computing each smoothed value [17] . In the obtained map, x and y are the coordinates of the measured area, and z is the integral of the NMR echo signal. The difference in the moisture content is shown with a gradient colour: red indicates the lowest water content, while dark blue indicates the highest water content.
To determine the amount of water in the wall painting, a calibration of the integral of the NMR echo signal was performed using four specimens made by restores. These specimens were prepared according the ancient original recipe to reproduce the same type of mortar used in the wall painting under investigation. The detailed calibration procedure has been reported elsewhere [12] . Briefly, the specimens were dried until they reached a constant weight Ps d , then they were fully saturated with water by capillary water absorption up to constant weight Ps w . The average values of the weights of the dry (Ps d ) and of the water-saturated (Ps w ) specimens were used to calculate the imbibition coefficient ic which depends on the type of porous material. This coefficient is calculated from the maximum amount of water adsorbed by the specimen compared to its dry weight:
The sketch of the wall painting is shown on the right side, and the matrix of points, where both NMR measurements and drilling for gravimetric tests (N1 and N2) were carried out, is shown on the left side.
The correlation between the moisture content obtained by NMR and the imbibition coefficient is given by the following equation:
where A i p is the integral of the NMR echo signal measured on the area "i" of the matrix selected on the wall painting, A pmin is the lowest value of the integral measured on the wall painting, and As pd and As pw are the average values of the integral of the NMR echo signal measured in the dried and in water-saturated specimens, respectively. According to this calibration procedure, each area of the map obtained corresponds to a precise level of moisture in the wall painting. The calibration of the NMR signal was carried out on data collected both with 1 mm and 5 mm probehead.
The maximum error on MC i NMR values was evaluated using the error propagation theory, and it was found to be always less 10% of the nominal value.
In order to compare results obtained by unilateral NMR and gravimetric tests, an unpainted area located at an elevation of 50 cm from the floor, at the same height of the wall painting, was chosen. For the sake of clarity, a sketch of this unpainted area is shown on the left side of Figure 2 , and a sketch of the wall painting is shown on the right side. On this unpainted area, a matrix of 13 points was chosen where NMR measurements were carried out. From the same matrix, two samples N1 and N2 were collected for the gravimetric tests by scalpel and by hand carbide-tipped chisel, from the surface to 1.5 cm of depth. The two sampled areas are shown in Figure 2 . The powders obtained were placed into glass holders and weighed 30 minutes after collecting them and afterwards dried in an oven at 50 • C for 24 h. After a coolingoff period, the samples were weighed and moved in a glass holder according to the UNI 11085 protocol [18] , dried in an oven at 105 • C, and, after reaching a constant mass, were weighed. The water content was obtained from the difference between the wet and the dry weight with respect to the dry weight. According to the error propagation theory, the uncertainty on data obtained by gravimetric tests was found to be ±1%. The moisture contents measured by NMR at depths of 0.1 and 0.5 cm and those obtained by gravimetric tests are reported in Table 1 . The results of gravimetric tests were found to be in accordance with those obtained by NMR, see Table 1 . It is worth noting that the moisture content measured by unilateral NMR at a depth of 0.1 cm was always found to be higher than that measured at 0.5 cm. This result is in accordance with the results of all previous gravimetric tests performed over the years in unpainted areas of the second level of the Basilica, where the moisture content of the superficial fraction was always found to be higher than that measured at a deeper depth [19] . Besides, the moisture content obtained by gravimetric tests was found to be higher than that obtained by NMR at a depth of 0.5 cm.
Scanning Electron Microscopy and Energy-Dispersive X-Ray Spectroscopy. Scanning Electron Microscopy (SEM) and
Energy Dispersive X-Ray Spectroscopy (EDS) were performed at Lamest (ICTP-IMCB-CNR, Pozzuoli, Italy) with an FEI Quanta 200 FEG SEM (Eindhoven, The Netherlands) equipped with an Oxford Inca Energy System 250 and an Inca-X-act LN 2 -free analytical silicon drift detector. Samples collected during the campaign of measurements, carried out in November 2009, were mounted onto SEM stubs by means of carbon adhesive tape and coated with 20 nm thick gold/palladium layer by means of a modular high-vacuum coating system Leica EM MED 020 (Wien, Austria). SEM micrographs were collected in high-vacuum mode at 20 kV acceleration voltage, with a secondary electron detector. EDS was performed in the range 0-10 keV at 30 kV acceleration voltage. EDS spectra were collected on selected small areas to characterize specific agglomerates, or on large areas to obtain the average composition of each sample. In particular, the average composition was obtained by averaging results obtained from three successive measurements on different areas (about 0.3 mm 2 ) of each sample, using the following parameters: acquisition time 200 s, frame time 1.1 s, spot 6, process time 6. Elements contained in the support and the coating (C, O, Au, Pd) were discarded from the results of the quantitative analysis. The monitoring performed in January 2007 and February 2008 clearly showed that the temperature ranged between 13 and 14 • C, and the relative humidity was always higher than 95% [12] .
Results and Discussion
In October 2009, a scaffolding site consisting of an iron scaffold structure covered with plastic sheets was built in the proximity of the wall painting in order to perform a preliminary investigation before restoration works. In November 2009, when we started performing NMR measurements, the scaffold structure was still there. Contemporary to NMR measurements, the thermohygrometric parameters were monitored inside and outside the scaffold structure. In Figure 3 , the daily trends of temperature and relative humidity outside (Figure 3(a) ), and inside (Figure 3(b) ) the scaffold structure, are shown. Outside the scaffold structure, the temperature ranged between 17-18 • C, whereas, inside it ranged between 18 and 19 • C. The relative humidity inside was found to be about 10% lower than outside, as average values of 88% and 98% were measured inside and outside the scaffolding site, respectively.
In Figure 3 (c), the daily trends of temperature and relative humidity measured in February 2010 in the proximity of the wall painting are shown. Note that at this time the scaffold structure had been removed. The relative humidity ranged between 95 and 100%, and the temperature between 11 and 13 • C. Actually, the microclimate monitoring performed in February 2010 showed a trend very similar to that observed in January 2007, February 2008, and November 2009 outside the scaffolding site.
In Figure 3(d) , the trend of the temperature measured on February 2010 at the surface of the wall painting is compared with the dew point. It is worth noting that the temperature at the surface of the wall painting was always at least 1.5 • C higher than the dew point. Under these circumstances, the occurrence of condensation on the surface of the wall painting can be discarded [5] .
Unilateral NMR.
As well known, the deterioration of wall paintings due to the capillary rise of water through the walls is a very widespread problem. In the case of St. Clement at mass and the legend of Sisinnius wall painting damages due to the capillary raise of water are so marked, thus the reduction of dampness and the stabilization of the level of moisture content were mandatory before planning any restoration. Before and after the intervention, the quantitative variation of moisture distribution in the first layers of the wall painting and at a depth of 0.5 cm was monitored by unilateral NMR.
During all campaigns of measurement, the same matrix of points was investigated, see Figure 1 . Data were processed to obtain a contour plot, which is a 2D representation of a 3D surface, where x and y were the coordinates of the measured area of the painted wall and z was the integral of the NMR echo signal. As previously reported [20] , the integral of the NMR echo signal is proportional to the water content. Contour plots obtained allowed an easy visualization of the detailed distribution of the moisture in the wall painting, see the maps shown in Figure 4 . In these maps, the difference in the moisture level is represented as a gradient of colour: dark International Journal of Spectroscopy All maps obtained at a depth of 0.5 cm give a clear image of the path of the rising damp originating from the watercourse flowing under the foundation. After the intervention, the maximum water content measured in November 2009 and February 2010 was found to be about 3% lower than that measured in February 2008 before the intervention. Maps obtained at a depth of 0.1 cm show that the maximum water content was found to be 12-13% in February 2008, 10-11% in November 2009, and 11-12% in February 2010. These results are in accordance with the results of gravimetric tests performed over the years in unpainted areas of the second level of the Basilica, where the moisture content at the surface of the masonry was found to be always higher than the moisture content measured at a deeper depth [19] .
It is worth noting that the moisture maps collected at a depth of 0.1 cm do not give information about the path of the rising damp. To explain these results it must be taken into account that measurements at a depth of 0.1 cm regard a slice very close to the wall painting-environment interface, which is also affected by the peculiar microclimate of the hypogeous environment. The influence of microclimate on the quantitative moisture distribution in the first layers of the wall painting was clearly observable in November 2009 when the presence of the scaffolding site caused a net lowering of the relative humidity in the proximity of the wall painting, see Figure 4 (c). In fact, the map obtained in November 2009 shows more dry areas than that collected in February 2008 before the intervention, see Figure 4 (a), and that collected in February 2010 after the removal of the scaffolding site, see Figure 4 (e). Actually, maps collected at a depth of 0.1 cm, before and after the intervention and in absence of the scaffolding site, are very similar to each other and seem to be weakly affected by the intervention. The surface of the wall painting shows the degradation processes induced by the high amount of humidity characteristic of a hypogeous environment, and by the rising damp from the ground below, with the presence of biological colonization, efflorescences, and encrustations [21, 22] . In November 2009, the visual inspection of the surface of the wall painting revealed wide areas with thin salts efflorescence such as S1 and S3, areas showing thick salts efflorescence such as S2, and areas with thick encrustation such as S4, see the sketch in Figure 5(a) . An area S5 showing thick salts efflorescence was also observed outside the painted surface. The moisture distribution map at 0.1 cm collected in November 2009 clearly indicates an amount of moisture of about 6% in S2 and S3 and a very low amount of moisture in S1 and S4, see Figure 5 (b).
To investigate the type of encrustations and salts efflorescence affecting the surface of the wall painting, five samples were collected from areas S1-S5. Note that the sampling was carefully performed at the surface of encrustations and salts efflorescence, avoiding to include parts of the painted fresco.
SEM-EDS Characterization of Salts Efflorescence and
Encrustations. Samples collected from areas S1-S5 were analyzed by SEM-EDS. Average elemental compositions obtained by EDS are reported in Table 2 . Samples S1, S2, and S3 were found to be very rich in calcium and sulphur as the amount of both elements accounted for 95-98% of the total composition. Sample S4 did not contain any sulphur whereas calcium was about 97% of the total composition. Sample S5 was more heterogeneous than the other samples, with calcium and sulphur accounting for 88% of the total composition. We selected few SEM images particularly representative of the morphology of the samples, see Figure 6 . An image of an area of sample S2 is shown in Figure 6 (a), where intercrossed thick lamellae with rounded borders forming a desert-rose-like aggregate characteristic of gypsum [23] , are observed. In this area with a radius of about 10-15 μm, only calcium and sulphur were detected in a relative atomic ratio of 1 : 1. Based both on the morphology [23] and on the elemental composition, the presence of CaSO 4 may be hypothesized.
In Figure 6 (b), an image of an area of sample S4 with dendritic aggregates with columnar crystals, is shown. In this, area the EDS analysis revealed a very large amount of calcium, whereas sulphur was not detected. Based both on the characteristic morphology [23] and on the elemental composition, the presence of calcite precipitate may be hypothesized.
Images of areas of samples S1 and S3 reported in All these data suggest that salt efflorescences on the surface of the wall painting are mostly constitued by gypsum and calcite precipitate. By ascribing all the detected sulphur to CaSO 4 , the weight percentage of gypsum and calcite precipitate was obtained from the atomic ratio between calcium and sulphur, see Table 3 . Sample S4 was constituted of calcite precipitate, samples S2 and S5 showed the same average composition with about 20 wt% of calcite precipitate and 80 wt% of gypsum. Sample S1 was rich in calcite precipitate (73 wt%), whereas sample S3 was rich in gypsum (65 wt%). These results are in accordance with the results obtained in previous studies [24] which had evidenced the presence of high concentration of calcium and sulphur ions on the surface of the unpainted masonry of the second hypogeous level of the Basilica. The high concentration of these ions had been related to the high concentration of gaseous (CO 2 ) and particles pollutants rich in sulphur measured in the hypogeous level. In fact, the extremely feeble air circulation in that level is not able to dilute the pollutants concentration which remains always high causing damages to the masonry surface [24, 25] . The high concentration of sulphur-rich particles and the high carbon dioxide concentration along with the action of moisture cause, respectively, sulphation and recarbonation processes on the plaster surface [26] .
The presence of biological colonization is clearly observable in Figure 6 (e), where the image of an area with spores and plants is shown.
Conclusion
Unilateral NMR was used to quantitatively map in situ, in a fully non-invasive way, the moisture distribution in a precious and ancient deteriorated wall painting, before and after an intervention to reduce the capillary raise of water through the walls. Because of the critical environmental conditions of the second hypogeous level of St. Clement Basilica (Rome), where the wall painting is located, contemporary to NMR measurements, the monitoring of the thermohygrometric parameters was also carried out.
NMR measurements performed at a depth of 0.5 cm allowed us to monitor the path of the capillary raise of water through the walls before and after the intervention. The moisture distribution maps obtained four and seven months after the intervention clearly showed a lowering of the path of the rising damp and a net reduction of wet areas.
The monitoring of the thermohygrometric parameters allowed us to better understand the NMR moisture maps obtained at a depth of 0.1 cm. In fact, at this depth, the moisture content was found to be affected by the environmental conditions. By comparing the NMR moisture maps at a depth of 0.1 cm, it was found that the map with the lowest moisture content and the highest number of dry areas was obtained after the intervention in presence of a scaffolding site, when the relative humidity measured inside this structure was, on average, about 10% lower than outside the structure. After removing the scaffolding site, the moisture distribution at a depth of 0.1 cm was found to be similar to that obtained before the intervention.
Because of the thermohygrometric conditions of the hypogeum and the capillary raise of water from the ground below, the surface of the wall painting shows a marked degradation, with the presence of biological colonization, efflorescence, and encrustations. To investigate the composition of the salts, an SEM-EDS analysis of a few selected areas was carried out. The analysis revealed that efflorescences and encrustations were mostly constituted of gypsum and calcite precipitate. These results were in accordance with a previous study which had evidenced the presence of a high concentration of calcium and sulphur ions on the surface of the masonry of the second hypogeous level of the Basilica. The high concentration of these ions had been related to the high concentration of gaseous and particles pollutants that, because of the extremely feeble air circulation, remains always high, causing damages to the masonry surface. The high concentration of sulphur-rich particles and the high carbon dioxide concentration along with the action of moisture, cause, respectively, sulphation, and recarbonation processes on the plaster surface. It is worth noting that in the particular environmental conditions of the hypogeum, low temperature, and high relative humidity, the high carbon dioxide concentration makes the moisture on the surface of the wall painting more acidic. As a consequence, the calcium carbonate of the plaster is transformed into calcium bicarbonate that is about one hundred times more soluble than calcium carbonate. Under these circumstances, even a slight increase of the temperature due to the opening of the archaeological site to visitors causes an evaporation of carbon dioxide and calcium bicarbonate precipitates as calcium carbonate on the surface of the wall painting (recarbonation). The damage caused by the recarbonation process is twofold: the formation of salts efflorescence on the surface of the wall painting, and, at the same time, the consumption of the plaster.
To summarize, the quantitative moisture distribution obtained by NMR was of help in planning the intervention project to reduce the capillary raise of water. The monitoring of the evolution of the water distribution in the wall painting after the intervention gave important information on the effectiveness of the intervention and on the modification occurring in the path of the rising damp after the intervention. Besides the NMR investigation at the surface of the wall painting clearly showed that the degradation affecting the surface also depends on the microclimate of the hypogeum. In fact, the presence of a scaffolding site, often used during restoration works, is capable of affecting the thermohygrometric parameters measured at the surface of the wall painting.
